Recently resonant inelastic x-ray scattering experiments reported fine details of the charge excitations around the in-plane momentum q = (0, 0) for various doping rates in electron-doped cuprates La 2−x Ce x CuO 4 . We find that those new experimental data are well captured by acoustic-like plasmon excitations in a microscopic study of the layered t-J model with the long-range Coulomb interaction. The acoustic-like plasmon is not a usual plasmon typical to the two-dimensional system, but has a small gap proportional to the interlayer hopping t z .
tations for e-cuprates La 2−x Ce x CuO 4 (LCCO) 10, 11 . By using doping-concentration-gradient films, the authors in Ref. 11 reported fine details of the charge excitations as a function of doping, q z , and q , which offer a stringent test of the plasmon scenario advocated in Refs. 10,22,23. We find that those detailed data are well understood in terms of acousticlike plasmons obtained in the large-N theory of the layered t-J model.
Model. It is well known that cuprates are correlated electron systems and a minimal model of the CuO 2 planes is the t-J model 28 . To understand the high-energy charge excitations around q = (0, 0), the coupling between the adjacent planes is important as shown in a theoretical study 22 , where a layered t-J-V model was employed,
Herec † iσ andc iσ are the creation and annihilation operators, respectively, of electrons with spin σ(=↑, ↓) in the Fock space without any double occupancy, n i the electron density operator, and S i the spin operator. The indices i and j run over the sites of a threedimensional lattice. The hopping t ij takes a value t (t ′ ) between the first (second) nearestneighbors sites on a square lattice, and t z between the adjacent planes. i, j indicates a pair of nearest-neighbor sites on the square lattice and the exchange interaction J is considered only inside the plane because the out-of-plane exchange term is much smaller
Treating the non-double occupancy constraint within a large-N approximation 22 , the electronic quasiparticles disperse in momentum space as
where the in-plane dispersion ε k and the out-of-plane dispersion ε ⊥ k are given by, respectively,
The functional form (cos k x − cos k y ) 2 in ε ⊥ k is frequently invoked for cuprates 30 . Other forms for ε ⊥ k , however, do not change the qualitative features of our results. Although the electronic dispersion looks like that in a free electron system, the hopping integrals t, t ′ , and t z are renormalized by doping δ because of electron correlation effects. In addition, the term ∆ in Eq. (3), which is proportional to J, is the mean-field value of the bond variables introduced to decouple the exchange term through a Hubbard-Stratonovich transformation.
The value of ∆ is computed self-consistently together with the chemical potential µ for a given δ.
The term V ij in the Hamiltonian (1) describes the long-range Coulomb interaction, which is given in momentum space by 31
where V c = e 2 d(2ǫ ⊥ a 2 ) −1 and A(q x , q y ) = α(2 − cos q x − cos q y ) + 1 with α =ǫ (a/d) 2 and ǫ = ǫ /ǫ ⊥ ; ǫ and ǫ ⊥ are the dielectric constants parallel and perpendicular to the planes, respectively; a and d are the lattice constants in the planes and between the planes, respectively; e is the electric charge of electrons.
In a large-N scheme, the density-density correlation function is renormalized already at leading order and can describe collective charge excitations; see Ref. 22 for a full formalism of the correlation function. We compute the imaginary part of the density-density correlation function as a function of q and ω for the parameters t ′ /t = 0.30, t z /t = 0.03, J/t = 0.3, V c /t = 8, and α = 3.2. We consider 30 planes along the z direction to get a reasonable resolution of the out-of-plane momentum transfer q z , that is, our q z is given by q z = 2πn z /30
with n z being integer. The temperature is set zero.
Our results are compared with mainly the data in Ref (NCCO) 7 . This smaller gap originates mainly from a small value of t z /t = 0.03 in the present theory for LCCO and seems compatible with the experimental data 10, 11 . Hence we consider that the experimental data is reasonably interpreted as acoustic-like plasmons, instead of acoustic plasmons.
Given that the crystal structures of LCCO and NCCO are the same, the reason why the value of t z /t in LCCO can become smaller than NCCO needs to be studied further, although a new data for NCCO (Ref. 10) suggests a gap smaller than 300 meV; see a supplemental material in Ref. 10 . It is also interesting to explore how the plasmon energy with finite q z changes by controlling the interlayer distance, e.g., by uniaxial pressure or intercalation of some elements between the layers, because the present theory predicts that the acoustic-like plasmon energy is proportional to t z in a small t z region 22 .
As clarified in Ref. 23 , a characteristic feature of the plasmon excitations appears in its substantial q z dependence for a small in-plane momentum, which sharply distinguishes from the usual intraband particle-hole excitations. Figures 1 (d) , (e), and (f) show the plasmon dispersion as a function of q z for several choices of q . As seen in Figs. 1 (a) -(c), the plasmon intensity becomes very weak for a small q , but it is discernible in Fig. 1 (d (c) and (d), respectively. For a given value of q the experiment shows that the peak energy shifts upwards and, at the same time, the peak intensity decreases with decreasing q z . As seen in (a) and (b) these two features are reproduced in the present theory. In addition, the difference of the peak energy between the two different values of q z decreases with increasing q [(c) and (d)], which is also captured in (a) and (b).
In Fig. 3 (a) we show the doping dependence of the peak energy at q = (0.12, 0)π.
With increasing doping the peak energy increases monotonically in a way very similar to the experimental results [ Fig. 3 (b) ]. In the experimental results of Fig. 3 (b) Figure 4 (a) shows results at q = (0.12, 0)π and (0.08, 0.08)π for doping rate δ = 0.18, where the peak position practically coincides at those two momenta. The peak energy agrees with the experimental data shown in Fig. 4 (b) and the spectral shape of the peak would become essentially the same as the experimental data if the background is subtracted properly. In Fig. 4 (c) we show the doping dependence of the peak energy for those two momenta (solid lines), which well reproduces the experimental results (see symbols). While a different doping dependence was discussed in Ref. in Fig. 4 (c) ] at least in a doping region between 0.11 and 0.18. In Fig. 4 (d) we plot the full width at the half-maximum extracted from Fig. 3 (a) as a function of doping, which agrees with the experimental data.
In Figs. 3 (a) and 4 (c) the plasmon energy decreases with decreasing doping. In particular, the plasmon energy goes to zero at half filling (see Fig. 7 in Ref. 22 ) because of the underlaying strong electron correlations inherent in the t-J model. Similar behavior was discussed for the optical plasmon mode, namely for q z = 0, in Ref. 36 in the context of the t-J model. On the other hand, the conventional theory of metals predicts a finite plasmon energy at half-filling. Therefore, it is important to measure the doping dependence of the plasmon energy upon approaching half-filling to test the present theory.
Outlook. We have shown that the acoustic-like plasmons obtained in the layered t-J model explain well the high-energy charge excitation around q = (0, 0) for e-cuprates. It is natural to ask a possible connection between plasmons and the pseudogap mainly observed in h-cuprates. In the present theory, plasmon excitations practically decouple from the low-energy excitations 19 . Hence if low-energy charge fluctuations are related to the pseudogap in h-cuprates as frequently discussed in the literature 39, 40 , we expect that in contrast to Refs. 37 and 38, high-energy charge excitations may not be the major source of the strange metallic properties. In fact, high-energy charge excitations extend to higher doping and have a doping dependence different from the pseudogap, superconductivity, and the strange metallic behavior.
Conclusions.
Recalling that cuprate high-T c superconductivity is realized by charge carrier doping into the Mott insulator, the solid understanding of the charge dynamics is definitely indispensable to the cuprate physics. We have found that the acoustic-like plasmons obtained in the layered t-J model with the long-range Coulomb interaction explain even the fine details of charge excitations observed recently as a function of doping, in-plane and out-of-plane momenta for Ce-doped La 2 CuO 4 .
